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ABSTRACT
We study contributions of supersymmetric CP phases to the CP violation
ε′/ε in models with asymmetric A-matrices. We consider asymmetric A-
matrices, which are obtained from string-inspired supergravity. We show
that a certain type of asymmetry of A-matrices enhances supersymmetric
contributions to the CP violation ε′/ε and the supersymmetric contribution
to ε′/ε can be of order of the KTeV result, ε′/ε ∼ 10−3.
1. CP violation is sensitive to physics beyond the standard model (SM), that is, CP
violation , as well as flavor changing neutral current (FCNC) processes, constrains signif-
icantly physics beyond the SM, e.g., supersymmetric models. On the other hand, if any
deviation of CP violation from the SM is observed, that would be a strong hint to physics
beyond the SM. Many works have been done on CP violation in supersymmetric models
[1, 2, 3, 4].
Recently the KTeV collaboration at Fermilab has reported a measurement of the direct
CP-violation in K → pipi decays [5]
Re(ε′/ε) = (28± 4)× 10−4.
1
2This measurement has confirmed the previous result of the NA31 experiment at CERN
[6]. Hence, it excludes the superweak models. The SM predicts non-zero value for ε′/ε.
However, its prediction suffers from a large ambiguity due to the theoretical uncertainties
in the hadronic quantities. Recent discussions on (ε′/ε) can be found in Refs.[7]-[12].
In supersymmetric models, there are several possible sources for CP violation beyond
the Cabibbo-Kobayashi-Maskawa (CKM) phase δCKM in the SM. Two types of physical
phases only remain in the minimal supersymmetric standard model (MSSM) after all
appropriate field redefinition, namely, the phases of A-parameters and the phase of the
µ-term (φµ). A generic type of A-matrices include many degree of freedom for the real
part and imaginary part. However, in most of cases the universality of A-matrices has
been assumed. That is good to simplify calculations, but that removes interesting degree
of freedom, in particular for CP violation.
Several implications of non-universal A-matrices have been discussed in Ref. [13, 14].
The non-universality among the soft supersymmetry (SUSY) breaking terms plays an
important role on all CP violating processes. In particular, it has been shown in Ref. [14]
that non-degenerate A-parameters can generate the experimentally observed CP violation
ε even with the vanishing CKM CP phase δCKM = 0, that is, the fully supersymmetric
CP violation in the Kaon system is possible. In Ref. [14], an example of symmetric A-
matrices for the first 2×2 block has been considered with the exact degeneracy of squark
masses between the first and second families. Because string-derived soft terms [15, 16]
require symmetric A-matrices for exactly degenerate soft masses. This model can lead to
the parameter region where we have the SUSY contribution of O(10−3) to ε. However,
this type of models provide with a very small value for ε′/ε. This result is due to an
accidental cancellation between the different contributions because of the symmetric form
of the A-matrices which have been used.
In this letter, we study the SUSY contributions to the CP violation ε′/ε in models with
asymmetric A-matrices. We consider two possibilities for asymmetric A-matrices keeping
the degeneracy of squark masses. One model has almost degenerate squark masses, which
are realized by dilaton-dominate SUSY breaking. In the other model, we require a deli-
cate cancellation between string-derived soft masses and the D-term contributions to soft
masses. The latter can lead to a large asymmetry for the A-matrix. Using these models,
we calculate ε′/ε explicitly. Then we show that in the case with asymmetric A-terms the
3SUSY contribution to ε′/ε can be of order of the KTeV result, ε′/ε ∼ 10−3. In the whole
analysis we take δCKM = 0 in order to show the pure SUSY contributions.
2. Here we consider the possibilities that one can obtain non-degenerate A-matrices
keeping degeneracy of the squark masses. First we give a brief review on the soft SUSY
breaking terms in string models,
−LSB = 1
6
hijk φiφjφk +
1
2
(µB)ij φiφj +
1
2
(m2)ji φ
∗ iφj +
1
2
Ma λλ+H.c. (1)
where the φi are the scalar parts of the chiral superfields Φi and λ are the gauginos. We
use the notation of trilinear coupling terms, the so-called A-terms, as hijk = (Y A)ijk,
where Yijk is the corresponding Yukawa coupling.
We start with the (weakly coupled) string-inspired supergravity theory. Its Ka¨hler
potential is
K = − ln(S + S∗) + 3 ln(T + T ∗) +
∑
i
(T + T ∗)ni|Φi|2, (2)
where S and T are the dilaton field and the moduli field. Now we assume a nonperturba-
tive superpotential of S and T , Wnp(S, T ), is induced and F -terms of S and T contribute
to SUSY breaking. In addition, we assume the vanishing vacuum energy. Then we pa-
rameterize F -terms [15]
F S =
√
3m3/2(S + S¯) sin θe
−iαS , F T = m3/2(T + T¯ ) cos θe
−iαT . (3)
Within this framework, the soft scalar mass and the A-parameter are obtained
m2i = m
2
3/2(1 + ni cos
2 θ), (4)
Aijk = −
√
3m3/2 sin θe
−iαs −m3/2 cos θ(3 + ni + nj + nk)e−iαT , (5)
where ni, nj and nk are modular weights of fields in the corresponding Yukawa coupling
Yijk. Here we have assumed the corresponding Yukawa coupling Yijk is T -independent.
In addition, the gaugino masses are obtained
Ma =
√
3m3/2 sin θe
−iαS . (6)
It is obvious that if we require exact degeneracy of squark masses between the first and
second families, i.e. nD1 = nD2 and similar relations for the other squarks, the first 2× 2
blocks of the A-matrices for the up and down sector, Auij and A
d
ij, are degenerate. That
is what have been used in Ref. [14]. In such a case we obtain a suppressed contribution
to the CP violation ε′/ε.
4In the first model we use, we assign different modular weights for the first and sec-
ond families in order to have asymmetric A matrices. In the dilaton-dominant case with
tan θ >> 1, we have almost degeneracy of the squark masses. In addition, the renormal-
ization group effects due to the gaugino masses dilute the nondegeneracy. In Ref. [15] it
has been shown that the goldstino angle θ is constrained cos2 θ < 1/3 for ni−nj = 1 from
the FCNC1. For example, as our first model with the asymmetric A-matrix, we take the
following assignment of the modular weights
nQ1 = −1, nQ2 = −2, nQ3 = −3,
nDi = nUi = nH1 = −1, nH2 = −3, (7)
where i = 1, 2, 3. On the top of that, we restrict our analysis to the region cos2 θ < 1/3.
Under this assumption, we have the A-parameter matrix for the down sector,
Adij =


ad ad ad
bd bd bd
cd cd cd

 , (8)
where
ad = −
√
3m3/2 sin θ,
bd = m3/2(−
√
3 sin θ + e−iα
′
cos θ), (9)
cd = m3/2(−
√
3 sin θ + 2e−iα
′
cos θ).
Here we have rotated the gaugino mass terms into real and rotated the A-terms at the
same time and α′ denotes α′ ≡ αT − αS. In this case, we have the asymmetry between
Ad12 and A
d
21, but it is limited because of cos
2 θ < 1/3. Such asymmetry can be enlarged in
the hijk-matrix if we take an asymmetric Yukawa matrix. Thus, we discuss the two cases:
one case has a typical symmetric Yukawa matrix and the other case has an example of
asymmetric Yukawa matrices. As a typical type of the symmetric and realistic Yukawa
matrices, we use the type which are shown explicitly in Ref. [14]. The Yukawa matrices
among this type lead to similar results for the CP violation each other. As an example
1Furthermore, in Ref. [17] it has been shown that a certain type of non-universal A-terms reduce the
difference at low energy and even could tune it to vanish.
5of asymmetric Yukawa matrices, we take the following form,
Y uij = y
u


λ8 λ5 λ3
λ7 λ4 λ2
λ5 λ2 1

 , Y dij = yd


λ5 λ3 λ3
λ4 λ2 λ2
λ2 1 1

 , (10)
where λ ∼ 0.22. These correspond to the Yukawa matrices with one O(λ) deviation in
Ref. [18].
3. We explain the second model which we use. We assume an extra U(1) gauge
symmetry 2 and it is broken by the vacuum expectation value (VEV) of the Higgs field χ.
This breaking induces another type of contribution to soft scalar masses, i.e. the D-term
contribution, which is proportional to a charge of the broken symmetry. In this case, the
soft scalar mass is obtained
m2i = m
2
3/2(1 + ni cos
2 θ) + qim
2
D, (11)
where qi is the charge of the broken U(1) of the matter field, and m
2
D is the universal part
of the D-term contributions. Thus, the soft scalar masses are, in general, non-degenerate
for ni and qi. However, the soft scalar masses m
2
i and m
2
j are degenerate if the following
two conditions are satisfied,
(a) ni − nj = C(qi − qj),
where C is universal for i and j,
(b) m23/2 cos
2 θ +m2D/C = 0.
In this case, we obtain the degenerate soft scalar masses for different ni and nj , that is,
we can obtain non-degenerate A-matrices keeping degenerate soft scalar masses. Thus,
this is a very interesting fine-tuned case in the whole parameter space.
Before calculations of ε′/ε in this model, we give comments on the conditions (a) and
(b). We denote here the modular weight and the U(1) charge of χ by nχ and qχ and we
take the normalization such that qφ = −1. The VEV of χ induces the following terms in
the superpotential,
WY ukawa = Y
u
ijθ(qH2 + qQi + qUj)(< χ > /M)
(qH2+qQi+qUj)QiU jH2
+ Y dijθ(qH1 + qQi + qDj)(< χ > /M)
(qH1+qQi+qDj)QiDjH1. (12)
The superpoetential includes a similar term for the lepton sector. Here the couplings
Y uij and Y
d
ij are naturally of O(1). The suppression factors (< χ > /M)
(qH2+qQi+qUj)
2This U(1) symmetry may be anomalous [19] or anomaly-free.
6and (< χ > /M)(qH1+qQi+qDj) can lead to realistic hierarchies of the Yukawa matrices
[20, 21, 18].
Now we consider the T -duality transformation,
T → aT − ib
icT + d
, (13)
where ad− bd = 1 and a, · · · , d are integers. We assume that the chiral field transforms
Φi → (icT + d)niΦi. (14)
Then we require G ≡ K+ln |W |2 is duality-invariant. That implies that the superpotential
should have the total modular weight
∑
ni = −3, that is, [22]3
(qH2 + qQi + qUj)nχ + nH2 + nQi + nUj = −3,
(qH1 + qQi + qDj)nχ + nH1 + nQi + nDj = −3, (15)
for non-vanishing couplings. Thus, it is obvious that for Qi fields the condition (a) is
satisfied, i.e.
nQi − nQj = −nχ(qQi − qQj), (16)
if the (i, k) and (j, k) entries do not vanish for one of k in either the up-sector or down-
sector. Similarly we obtain
nUi − nUj = −nχ(qUi − qUj), nDi − nDj = −nχ(qDi − qDj), (17)
if (k, i) and (k, j) entries do not vanish for one of k in the up-sector and down-sector,
respectively. Thus, a certain type of symmetries can realize the condition (a).
Let us give a comment on the condition (b), too. Now our free parameters are m3/2,
θ and m2D and these are determined by VEVs. Note that if the condition (a) is satisfied,
we have the very special direction in our parameter space, i.e.
m3/2 cos
2 θ = nχm
2
D, (18)
which corresponds to the condition (b). Along this direction, we have the degenerate
soft scalar masses, mQ(U,D)i = mQ(U,D)j for i, j. For simplicity, we assume that all squark
masses are universal for the direction (18), i.e. m2Q(U,D)i = m
2
0. Now we consider a vicinity
around (18) and there are two types of directions to change parameters. One is to violate
the degeneracy and the other is to keep the degeneracy. Here let us consider only the
3See also for D-term contributions derived superstring theory e.g. [23].
7direction to violate the degeneracy and treat the degree of freedom of the corresponding
VEV as a dynamical parameter. Thus, we can write
m2i = m
2
0 + qiδm
2
0, (19)
around (18), where δm20 corresponds to the dynamical direction to violate the degeneracy.
It is obvious that such direction is proportional to qi for mi, because of eq.(11) and the
linear relation between qi and ni.
Now let us consider the one-loop effective potential,
∆V1 =
1
64pi2
StrM4(lnM2/Q2 − 3/2). (20)
Around (18), we can expand
∆V1 = [∆V1]m2i=m20 + Tr qi[d∆V1/dδm
2
0]m2i=m20δm
2
0
+ Tr (qi)
2[d2∆V1/d(δm
2
0)
2]m2i=m20(δm
2
0)
2 + · · · . (21)
Note that the gaugino masses have no direction corresponding to δm20. If Tr qi = 0 and
d2∆V1/d(δm
2
0)
2 > 0, the fine-tuning direction (18) is a locally minimum.
As explained above, we obtain the degenerate soft scalar mass with non-degenerate
A-parameters under the conditions (a) and (b). Note that the assignment of the modular
weights are related with the assignment of the U(1) charges. As a simple example, we
use the following assignment,
nQ1 = −4, nQ2 = −3, nQ3 = −1, (22)
nU1 = −6, nU2 = −3, nU3 = −1, (23)
nD1 = −3, nD2 = −1, nD3 = −1, (24)
nH1 = −1, nH2 = −1. (25)
This assignment of the modular weights and the corresponding U(1) charge assignment
lead to the Yukawa matrices (10) [18]. In realistic string models, we have constraints
on the modular weights for the MSSM matter fields [24], and it might be difficult to
obtain e.g. the quark field with nU1 = −6. However, we use this assignment as a toy
supergravity model. If we make our model more complicated e.g. by use of complicated
extra symmetries or we concentrate only the first two families, it might be possible to
assign more natural values of modular weights.
8Namely, our initial conditions in the second model are as follows. We assume m2i = m
2
0,
and furthermore we assume m20 = m
2
3/2. We use the Yukawa matrices (10) and the
A-matrices (5) with the above assignment of the modular weights.
4. The convenient basis to discuss flavor changing effects in the SUSY loop with gluino
exchange is the so-called super-CKM basis [25]. In this basis the relevant quark mass
matrix is diagonalized, and the squarks are rotated in the same way. We define (δij)LR
by normalizing the off diagonal components by average squark mass squared m2q˜ . The
relevant contribution, in our models, to CP violation comes from the terms proportional
to (δ12)LR and (δ12)RL. The mass insertion (δ12)
d
LR, for instance, is given by
(δ12)
d
LR =
1
m2q˜
U1i(h
d)ijU
T
j2, (26)
where U is the matrix diagonalizing the down quark mass matrix. It was shown in Ref. [14]
that to obtain a large SUSY contribution to ε it is necessary to enhance the values of
Im(δ12)LR and Im(δ12)RL. The non-degeneracy of A-terms is an interesting example for
enhancing these quantities. From eq.(26) we notice that the phases of the all entries of
the A-matrix contribute to (δ12)LR. It is remarkable that we have Im(δ
d
12)LR 6= Im(δd12)RL
in the models with asymmetric h-matrices unlike the case of symmetric h-terms. For a
wide region of the parameter space we find that Im(δd12)LR is of order 10
−4−10−5. That is
similar to the case with the symmetric h-terms discussed in Ref. [14]. For these values the
CP violation ε, as explained in Ref. [14], is of order of the experimental limit 2.2× 10−3.
Note that this is a genuine SUSY contribution since we are assuming that δCKM = 0.
Also in this analysis we have assumed the vanishing of the phase of φµ, which is usually
constrained by the experimental limit of the electric dipole moment of the neutron [26, 27].
Now we estimate the ∆S = 1 CP violating parameter ε′/ε in our two models. (δd12)LR
and (δd12)RL give the important contributions to the CP violation processes in kaon physics.
The relevant part of the effective hamiltonian Heff for ∆S = 1 CP violation is
Heff = C8O8 + C˜8O˜8, (27)
where the Wilson coefficient C8 and the ∆S = 1 effective Hamiltonian O8 are given in
Ref.[3]. The dependence on (δd12)LR and (δ
d
12)RL appear in C8 and C˜8,
C8 =
αspi
m2q˜
[
(δd12)LL(−
1
3
M3(x)− 3M4(x)) + (δd12)LR
mg˜
ms
(−1
3
M1(x)− 3M2(x))
]
(28)
9where x = m2g˜/m
2
q˜ and C˜8 can be obtained from C8 by exchange L↔ R while the matrix
element of the operator O˜8 is obtained from the matrix element of O8 multiplying them
by (−1). The functions M1, M2, M3 and M4 can be found in Ref. [3]. The expression for
ε′ is given by the following formula,
ε′ = e
pi
4
ω√
2
ξ(Ω− 1) (29)
where ω = ReA2/ReA0, ξ = ImA0/ReA0 and Ω = ImA2/(ωImA0). The amplitudes AI
are defined as 〈pipi(I)|Heff |K0〉 where I = 0, 2 is the isospin of the final two-pion state.
Let us discuss the first model with the symmetric and asymmetric Yukawa matrices.
We take cos θ = 1/
√
10 and α′ ≃ pi/2. In both cases, we have Im(δd12)LR and Im(δd12)RL
of order 10−4 − 10−5 and they are not degenerate. Thus, it is possible to obtain large
values of ε′/ε. Indeed for Im(δd12)LR ≃ 10−5 we obtain ε′/ε of order of the experimental
results of NA31 and KTeV, ε′/ε = 2.8 × 10−3. It is interesting to note that even for
Im(δd12)LR ∼ 10−5 one can obtain a sizable contribution to ε. As pointed out in Ref. [9],
for Re(δd12)LR ≃ 10−3 the ε-requirement |2Re(δd12)2LRIm(δd12)2LR|
1
2 ≃ 2×10−4 is satisfied for
the region of the parameter space which leads to ε′/ε ∼ 10−3.
Figure 1 shows ε′/ε versus m3/2. The solid line and the dotted line correspond to the
symmetric and the asymmetric Yukawa matrices, respectively. In the both cases, the
SUSY phase has a sizable contribution to ε′/ε. As expected, the asymmetric Yukawa
matrix provides with larger values of ε′/ε than the symmetric case. For example, the
asymmetric Yukawa matrix leads to the value ε′/ε = 2.8× 10−3 at m3/2 ∼ 450 GeV.
Similarly, we can discuss the second model. Actually, the asymmetry of the A-matrices
is large compared with the first model. Thus, the second model predicts much larger
values of ε′/ε for the same value of cos θ. For example, we have ε′/ε = O(10−2 ∼ 10−1) for
cos θ = 1/
√
10 and m3/2 = O(100) GeV. Such a case, i.e. such magnitude of asymmetry in
the h-matrices, is excluded by the KTeV result. We find ε′/ε = O(10−3) for cos θ = 1/10.
For instance, we have ε′/ε = 3.3 × 10−3 for m3/2 = 600 GeV, cos θ = 1/10 and α′ ≃ pi/2.
The behaviour of the m3/2-dependence is similar to the both cases of the first model.
Furthermore, the CP violation ε′/ε can be reduced if any elements in the Yukawa
matrices (10) include suppression factors such that the asymmetry of the h-matrices is
reduced. For example, here we replace the (3,1) element of the down Yukawa matrix as
λ2 → xλ2. For x = 0.1 we have ε′/ε = O(10−3) in the case with cos θ = 1/√10 and
10
0
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5
6
100 200 300 400 500 600 700
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Figure 1. The value of ε′/ε as a function of the gravitino mass
m3/2 = O(100) GeV. For instance, we find ε
′/ε = 2.5 × 10−3 for x = 0.1, cos θ = 1/√10
and m3/2 = 300 GeV.
5. We have studied the CP violation ε′/ε in the models with asymmetric A-matrices
as well as asymmetric h-matrices. We have shown that a certain type of the asymmetry
enhances ε′/ε and it can be of order of the KTeV result, ε′/ε ∼ 10−3. A large magnitude
of the asymmetry leads to too large CP violation ε′/ε. Thus, we have a constraint on the
large asymmetry of h-matrices from the experimental value ε′/ε ∼ 2.8× 10−3. Other CP
violating aspects and FCNC processes would also give further constraints.
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